ABSTRACT: Feedlot performance was studied in a 262-d trial using 126 crossbred beef steers (182 kg initial BW) to determine whether source of dietary roughage influences performance and carcass characteristics by steers fed growing (112 d ) and finishing (150 d ) diets with various flake densities ( F D ) of steam-processed sorghum grain. A 3 × 3 arrangement of treatments (two pens of seven steers each) was used, with dietary roughages being chopped alfalfa hay or 50:50 mixtures (equal NDF basis) of cottonseed hulls or chopped wheat straw with alfalfa hay; sorghum grain was steam-flaked to densities of 386, 322, and 257 g/L (SF30, SF25, and SF20, reflecting bushel weight in pounds). The effects of these same FD on nutrient digestibilities were determined in three experiments with 24 crossbred steers fed finishing diets containing each of the roughage sources. No interactions between FD and roughage type were detected in any performance or carcass measurements ( P > .10). Intake of DM decreased linearly ( P < .05) in response to decreased FD. Daily rate and efficiency of gain were not altered ( P > .10) by FD. Decreasing FD decreased linearly ( P < .05) dressing percentage and fat thickness, but not other carcass measurements. Dietary roughage did not affect ( P > .10) daily gains or carcass measurements, but DM intake was lower and feed efficiencies were superior ( P < .05) when alfalfa hay was the sole source of roughage. Cottonseed hulls and wheat straw were relatively less valuable in the low roughage finishing diets than in higher roughage growing diets. Digestibilities of starch increased linearly as FD was decreased ( P = .02) when steers were fed diets containing wheat straw, but not for alfalfa hay or cottonseed hull diets. Digestibilities of DM did not vary with changes in FD; however, changes in CP, NDF, and ADF digestibilities due to FD seemed to differ among experiments. In conclusion, performance and carcass measurement responses by growing-finishing steers to differences in sorghum grain FD were not related to source of dietary roughage, but diets with alfalfa hay as the only source of roughage were most efficient. Decreasing FD of sorghum grain below 386 g/L (30 lb/bu) was not advantageous in improving performance or carcass merit by growing-finishing steers.
Introduction
The widespread use of steam-flaking by commercial feedlots indicates the effectiveness of this grain processing method for improving feeding value of cereal grains for beef cattle. Even though the superiority of steam-flaked ( SF) , compared with ground or dry-rolled sorghum grain, for feeding cattle is unquestionable, the benefit of steam-flaking grains to different endpoints, leading to different flake densities ( FD) , is less clear (Zinn, 1990; Swingle, 1992) . Because cost of processing increases with degree of processing (Reinhardt et al., 1997) , there has been considerable interest in establishing the relationship between degree of steam-flaking and performance of feedlot cattle. Based on performance, optimal FD for SF sorghum grain seems to be about 360 g/L ( ∼28 lb/ bu; Swingle et al., 1999) . The results of Zinn (1990) , Reinhardt et al. (1997) , and Swingle et al. (1999) suggested that flaking corn or sorghum to FD ≤ 283 g/ L ( ≤ 22 lb/bu) might have an adverse effect on feedlot performance or carcass measurements, but FD effects on gain, efficiency of gain, and carcass measurements were variable. Important differences among these trials include source of dietary roughage and duration of feeding period (112 to 231 d).
Because kinetics of digesta passage and ruminal digestion are affected by roughage type and level , and because the effects of starch on ruminal digestion of fiber differs with source of fiber , feedlot performance and nutrient digestibility responses to differences in FD may vary depending on the source of dietary roughage. Thus, this study was conducted 1 ) to obtain additional data on the relationship between sorghum grain FD and feedlot performance and nutrient digestibility, and 2 ) to examine the hypothesis that feedlot performance responses to sorghum grain steam-flaked to different density endpoints is affected by source and level of roughage in the diet.
Experimental Procedures

Trial 1. Performance and Carcass Merit
Trials 1 and 2 were conducted with approval and under supervision of the University of Arizona Institutional Animal Care and Use Committee. In a 262-d performance trial, 126 crossbred steer calves (approximately°to Ô Brahman with the remainder a mixture of English and Continental breeds) were blocked by weight and then randomly allotted to pens of seven steers each. Two pens were randomly assigned to each of the nine treatments. Treatments were arranged as a 3 × 3 factorial, with each of the three FD treatments included in each of the three diets with roughage from either alfalfa hay or mixtures (equal NDF basis) of wheat straw or cottonseed hulls with alfalfa hay. Alfalfa and wheat straw were chopped using a rotor-type mill (alfalfa through 15 cm screen; wheat straw through a 2.5 cm screen). Sorghum grain, obtained commercially, was SF to densities of 386, 322, and 257 g/L (referred to, respectively, as SF30, SF25, and SF20, reflecting bushel weight in pounds, typical of field studies), as described by Swingle et al. (1999) . Composition of diets fed in the growing (112-d) and finishing (150-d) phases is shown in Table 1 . Because of differences in NDF content of the roughages, roughage:concentrate ratios were higher in the alfalfa hay diet than in cottonseed hull or wheat straw diets to equalize NDF content.
Steers were weighed (pencil shrunk 4%) individually on two consecutive days to start the experiment (mean initial weight = 182 kg). Group weights (shrunk 4%) on each pen, taken on the day of shipment, were used to calculate dressing percentage. Final shrunk live weights were calculated from hot carcass weights, using the mean dressing percentage (64.9%) across all treatments. Steers were implanted with Synovex ® -S (Syntex, Des Moines, IA) at the beginning of the experiment, and on d 85 and 169.
Performance data were calculated from DMI and shrunk live weights. At the conclusion of the experiment, data from five steers were excluded from the results because of poor performance, which was not considered due to dietary treatments. Steers were processed at a commercial abattoir. Hot carcass weights were obtained on the day of processing, but measurements for quality were from chilled carcasses on the day after processing. Greatest carcass merit was considered to include greatest dressing percentage, largest ribeye area, quality grade of low choice, minimum fat thickness, and minimum kidney, pelvic, and heart fat and yield grade. Performance and carcass data were analyzed using analysis of variance (Steel and Torrie, 1980) for a 3 × 3 factorial arrangement of treatments in a completely randomized design, with pen as the experimental unit. Sums of squares for FD were partitioned into linear and quadratic components using orthogonal polynomials. Sums of squares for roughage source were partitioned into orthogonal contrasts: alfalfa hay vs cottonseed hulls and wheat straw, and cottonseed hulls vs wheat straw.
Trial 2. Nutrient Digestibilities
Twenty-four-crossbred steers (similar to those in Trial 1 ) were used in three 21-d digestion experiments, using the same finishing diets used in Trial 1 (Table 1) . Eight steers were randomly assigned to each of the same FD treatments (SF30, SF25, and SF20) as for Trial 1. Feeding all nine diet-treatments ( 3 FD × 3 roughage sources) in one experiment would result in only two or three animals per treatment. To maximize animals per FD treatment, only one forage diet was fed during each experiment: 1, alfalfa hay; 2, mixture of cottonseed hulls and alfalfa; and 3, mixture of wheat straw and alfalfa. Each experiment consisted of a 17-d adaptation period and 4-d period for total fecal collection. Steers were weighed before the start of each 21-d experiment, averaging 370, 391, and 409 kg, respectively, in Exp. 1, 2, and 3. Each steer was housed and fed in an individual pen (2.5 × 5 m), with a concrete floor and partial shade. Throughout each experiment each animal was offered once daily (0700) the same amount of feed (2% of initial BW).
Daily feed, ort, and fecal samples were oven-dried at 55°C until constant weight for nutrient analyses. Procedures for sample grinding have been reported (Swingle et al., 1999) . Composite (each steer and experiment) samples of feed, orts, and feces were analyzed for DM, CP, NDF, and ADF (Swingle et al., 1999) , and total starch (Poore et al., 1991) . In vitro starch hydrolysis (percentage of total starch) of diets was also determined during 30-min incubations with amyloglucosidase (Poore et al., 1989) . Percent starch hydrolysis was determined with the procedure of Poore et al. (1991) , except that grain or feed samples were not autoclaved prior to incubation with the enzyme, and hydrolysis was terminated after 30 min by boiling for 15 min. Due to some missing values (Exp. 1 and 3), data for each experiment (roughage source) were analyzed separately using the GLM procedure (SAS, 1997) as a completely randomized design with animal as the experimental unit. Sums of squares for FD, when significant differences were detected, were partitioned into linear and quadratic components using orthogonal polynomials. No statistical comparisons could be made among roughage sources, because the latter are confounded by experiment.
Results and Discussion
Trial 1. Performance and Carcass Merit
There were no interactions ( P > .10) between FD and roughage source for any performance or carcass measurements. Consequently, data are presented for main effects only. Progressively increasing the degree of steam-flaking (decreasing FD from SF30 to SF25 to SF20) resulted in linear ( P < .05) decreases in DMI by steers in both growing and finishing phases (Table  2) . Depression in DMI was almost twice as great when steers were fed finishing diets (10.6%) than when steers received growing diets (6.1%). The greater effect of FD on DMI of finishing compared with growing diets agrees with the results of Swingle et al. (1999) for steers fed a similar diet. The effect of varying sorghum FD on DMI is consistent with results of other studies (Xiong et al., 1991; Reinhardt et al., 1997; Swingle et al., 1999) and is probably related to increased energy density of grain flaked to lighter densities ( ≤ 322 g/L or ≤ 25 lb/bu).
Flake density did not influence ( P > .10) ADG or efficiency (DMI/gain) by steers (Table 2) , even though ADG (finishing phase and 262-d), and DMI/ gain averaged 4% less as FD decreased from SF30 to SF20. Reinhardt et al. (1997) and Swingle et al. (1999) reported linear decreases in daily gains with decreasing FD of SF sorghum. Decreasing FD improved efficiency of only the diet fed during the growing phase in a curvilinear fashion in the latter study, but had no effect on efficiency in the former study. In contrast, Xiong et al. (1991) found that reducing FD of SF sorghum grain did not alter ADG, but resulted in a linear improvement in efficiency. Two-thirds of the improvement in the latter study occurred between SF34 and SF28 and one-third between SF28 and SF22. Swingle et al. (1999) reported that major changes in efficiency occurred between SF32 and SF28, with similar efficiencies for SF28, SF24, and SF20.
In four studies (Xiong et al., 1991; Reinhardt et al., 1997; Swingle et al., 1999 ; present study), average decreases for DMI and ADG by feedlot steers were 5% as FD of steam-processed sorghum grain was lowered from the range of SF30-28 to SF22-20, but average feed conversions were not consistently altered by FD in these studies. With SF corn (Zinn, 1990) , reducing FD from SF28 to SF20 did not significantly alter performance, although DMI and ADG by steers averaged 4 and 6% less, respectively, for SF20 compared to SF28. From these studies, we conclude that decreasing FD from the range of SF30-28 to SF22-20 will consistently decrease DMI, and probably will decrease ADG, but will not consistently affect feed efficiency. Thus, days on feed will probably increase by about 5% to reach the same endpoint. Substitution of one-half the NDF from alfalfa with cottonseed hulls or wheat straw resulted in increased DMI ( P < .05) in the growing phase, and over the entire feeding period (Table 3) . Daily gains were not affected ( P > .10) by source of roughage. Efficiency was improved ( P < .05) for steers when fed alfalfa hay vs cottonseed hull or wheat straw diets in the growing and finishing phases. The magnitude of the difference was greater (10 vs 5%) in the finishing than in the growing phase.
Dressing percentage and fat thickness at the twelfth rib decreased linearly ( P < .05) as FD decreased, but there were no differences due to FD on other carcass measurements (Table 4) . Xiong et al. (1991) reported that percentage of carcasses grading choice and yield grade (but not dressing percentage) tended to decrease as sorghum grain FD decreased. Reinhardt et al. (1997) and Swingle et al. (1999) found no differences in carcass measurements due to varying sorghum FD, except that dressing percentage was lowered as FD decreased in the former study. Lowering density of SF corn (Zinn, 1990) did not alter carcass measurements from feedlot steers receiving corn diets with SF20 vs SF24 or SF28. From these studies (Xiong et al., 1991; Reinhardt et al., 1997; Swingle et al., 1999 ; present study) we conclude that decreasing FD from the range of SF30-28 to SF22-20 will not consistently affect carcass merit. In the present study there were no differences ( P > .10) observed in carcass measurements due to roughage source (Table 5) .
Our hypothesis that feedlot performance responses to sorghum grain steam-flaked to different density endpoints is affected by source and level of roughage in the diet was not validated in the present study. The decreased DMI response to lower FD seemed to be greater with lower roughage finishing diets than higher roughage growing diets Steam-flaking to lighter densities linearly decreased DMI, dressing percentage, and fat thickness, but did not affect ADG, feed efficiency, or other carcass traits. Source of roughage altered DMI and gain efficiency, but not ADG or carcass merit. Steers fed alfalfa hay diets had lower DMI and DMI/gain than steers fed diets containing alfalfa and cottonseed hulls or alfalfa and wheat straw. Considering the increased costs associated with producing flakes having lower densities (Karr, 1984; Xiong et al., 1990a; Reinhardt et al., 1997; Swingle et al., 1999) , there seems to be no performance advantage to steam-flaking sorghum grain to densities below 386 g/L (30 lb/bu).
Trial 2. Nutrient Digestibilities
On a DM basis, diets contained an average of 60% starch, 11.4% CP, 15% NDF, and 9% ADF (Table 6 ). Among FD, the content of CP, NDF, and ADF in the cottonseed hull diet varied more than these same nutrients in the other two diets. In the cottonseed hull diet, means for CP and fiber were 15 and 27% greater, respectively, for SF20 than for SF30 and SF25. The reason for this is not known, but could be due to mixing, grinding, or sampling errors. In vitro rates of starch hydrolyses of diets containing alfalfa hay or mixtures of cottonseed hulls and alfalfa or wheat straw and alfalfa increased linearly ( P ≤ .02; Table 7 ) as degree of processing was increased (decreased FD).
The lower values in the wheat straw diet (Exp. 3 ) are probably due to grain source and processing, ingredient concentrations, and(or) roughage source, rather than analytical techniques, because in vitro analyses for all three experiments were conducted on the same replicate days. In other studies, rates of starch hydrolysis for SF sorghum have been consistently increased in a linear fashion as FD was decreased (Osman et al., 1970; Frederick et al., 1973; Xiong et al., 1990a Xiong et al., ,b, 1991 Swingle et al., 1999) . Decreasing FD resulted in a curvilinear decrease (10%) in DMI ( P = .04) by steers in Exp. 1, but not in Exp. 2 or 3; DMI averaged ( P > .10) 6% less for SF20 vs SF25 and SF30 in Exp. 2 and 3 (Table 8) . As FD decreased, intakes of starch, CP, NDF, and ADF were decreased quadratically ( P ≤ .06) by steers fed diets with alfalfa hay (Exp. 1). Only intakes of NDF were decreased quadratically ( P = .03) in Exp. 3 (wheat straw diets) with decreasing FD. For these two diets, nutrient intakes were mostly similar for SF30 and SF25, and lowest for SF20. In contrast, Swingle et al. (1999) reported that intakes by steers of DM and starch (but not NDF) were less for SF32 than for SF28, SF24, and SF20 for a similar wheat strawalfalfa finishing diet; however, DM and starch intakes were similar among the latter three sorghum FD for both finishing and growing diets. As in Exp. 3, Swingle et al. (1999) found that intake of NDF decreased with decreasing FD. In Exp. 2 (cottonseed hull diet), intakes of starch and CP were not altered ( P > .10) by FD, but intakes of NDF and ADF were increased linearly ( P = .01) with decreasing FD (Table 8 ). These increases were principally due to the high fiber intakes for SF20, which reflects the much higher fiber concentrations in the SF20 diet compared with the SF30 and SF25 diets (Exp. 2, Table 6 ).
Digestibilities of DM (80%) by steers were not altered ( P > .10) by FD, regardless of the experiment and source of roughage in the diets (Table 9) . Starch digestibilities by steers fed wheat straw diets (Exp. 3 ) were increased linearly ( P = .02) as FD decreased, but not in Exp. 1 and 2. Starch digestibilities were very high (range = 98.7 to 99.6%) in these experiments. Responses to FD with the wheat straw diet were very small, but might reflect greater changes in starch digestibilities within the rumen. Swingle et al. (1999) fed a wheat straw diet similar to the present experiment and found that decreasing FD from SF32 to SF20 increased linearly both ruminal (82 to 91%) and total tract starch digestibilities (97.5 to 98.9%) by steers. Theurer et al. (1996) summarized several studies with growing-finishing steers and found that total starch digestibility is not closely correlated ( r 2 = .21) with greater feed efficiency, but starch digestibility within the rumen is positively correlated ( r 2 = .54) with improved efficiency.
Digestibilities of CP, NDF, and ADF (Table 9 ) were not altered ( P > .10) by FD in Exp. 1 and 3 (alfalfa hay and wheat straw diets); however, in Exp. 2 (cottonseed hull diet), CP digestibilities tended to be increased linearly ( P = .07), and NDF and ADF digestibilities were increased linearly ( P < .01) with decreasing FD (Table 9 ). In contrast to Exp. 3, Swingle et al. (1999) found that total tract CP digestibilities by steers fed similar wheat straw diets increased linearly with decreasing density of SF sorghum. Fiber digestibilities were not altered by varying FD of sorghum grain in the study by Swingle et al. (1999) . Digestibility by steers of ADF in diets containing SF corn, alfalfa, and sudangrass hay were also similar across grain FD of SF28, SF24, and SF20 (Zinn, 1990) .
The response of CP and fiber digestibilities to increasing the extent of steam-processing of sorghum grain (decreasing FD) was different for Exp. 2 compared to Exp. 1 and 3. For SF20 compared to SF25, coefficients of digestibility for CP and fiber were 5 and 12 percentage units greater, respectively, in Exp. 2, but 2 to 8 percentage units lower in Exp. 1 and 3. These differences may be due to experimental conditions, roughage source, or increased CP and fiber concentrations of SF20 vs SF25 and SF30 (Table 6 ) for steers fed the cottonseed hull diets (Exp. 2). For Exp. 2, intakes for SF20 were adjusted to reflect average dietary concentrations of CP, NDF, and ADF for SF25 and SF30 treatments. Adjusted digestibilities (data not shown) in Exp. 2, using adjusted intakes and measured fecal outputs (unpublished data) for CP and fiber, were similar within nutrient for all three FD. This apparent different effect of cottonseed hulls also may be due to mixing errors and difficulties in feed sampling and sample grinding. The grinding effect is due to the non-homogeneous samples usually obtained because of small "clumps" of cotton lint remaining on the screens following grinding. The lint was mixed with the rest of the sample that passed through the screen. Even though field and laboratory sample grinding was carefully monitored for this "clumping," small samples weighed for laboratory analyses still may vary in amounts of "fiber clumps."
In conclusion, decreasing FD of SF sorghum grain in the present study increased linearly the in vitro rate of starch hydrolysis of diets containing SF grain and in vivo starch digestibility in Exp. 3 (wheat straw diet). The small increases in total tract starch digestibility due to decreasing FD of sorghum may not be important per se, but may reflect greater improvements in starch digestibility within the rumen (Swingle et al., 1999) , and may alter extent of absorption of end products of digestion and postabsorptive nutrient metabolism Lozano et al., 1995) . The responses to decreasing FD on in vivo digestibility of CP and fiber were not consistent across the three experiments. Considering the present three experiments and those of Zinn (1990) and Swingle et al. (1999) , we conclude that the effect of varying FD of SF corn or sorghum grain on fiber digestibility by steers is inconsistent and probably minimal.
Implications
Source of dietary roughage may not alter performance or carcass merit responses to different flake densities of steam-processed sorghum grain when feedlot steers are fed either growing or finishing diets. Decreasing flake density below 386 g/L (30 lb/bu) is not advantageous and may be expected to decrease feed intake and daily gain by 5%, but will not consistently affect carcass merit or feed conversion. Feeding steers alfalfa hay as the source of roughage (compared with mixtures of alfalfa and cottonseed hulls or alfalfa and wheat straw), particularly in finishing diets containing steam-processed sorghum grain, should improve feed conversion. Decreasing flake densities of steam-processed sorghum grain may not consistently increase digestibilities of starch or protein.
